Thirteen mycobacillin-negative (My-) mutants of Bacillus subtilis B3 were isolated from an auxotrophically tagged mycobacillin producer organism. The wild-type producer, three feeble producers and three strictly My-mutants did not accumulate any ninhydrin-positive peptide in the culture medium while the remaining seven My-mutants did accumulate ten such peptides whose amino acid composition indicated that there might be only three different peptides. The N-terminal and C-terminal amino acid residues implicated one of these peptides as a pentapeptide intermediate in mycobacillin synthesis ; this was further confirmed by its molecular weight and sequence. Studies on cell-free synthesis showed that only the enzyme system from the wild-type strain synthesized mycobacillin while the defective ones from all the My-mutants synthesized one and the same pentapeptide as found in the culture broth of some of the mutants. Further studies in which the enzymes responsible for mycobacillin synthesis by cell-free extracts were separated into three fractions, A, B and C, showed that seven of the mutants were defective in fraction B whereas the three other mutants had defects in both fractions B and C. Thus the pentapeptide Pro+Asp-+Glu+Tyr+Asp appears to be implicated in mycobacillin biosynthesis.
S . M A J U M D E R A N D O T H E R S
The present communication describes the isolation of some mycobacillin-negative: mutants from an auxotrophically tagged mutant of the producer B. subtilis B3 and the use of thew blocked mutants in whole-cell fermentation and cell-free in vitro synthesis, both to isolate and characterize some peptides that might be involved in mycobacillin biosynthesis, and to locate the enzyme defect in the three fractions (Ghosh et al., 1983) of the mycobacillin synthetase complex.
M E T H O D S
Organisms, cultural conditions and media. Bacillus subtilis B3, originally isolated in this laboratory (M ajumder & Bose, 1958) . produces 0.37 mg mycobacillin per ml of nutrient broth; recovery by the standard process is 650; (Majumder & Bose, 1960~) . This organism was used to produce auxotrophic mutants which were subsequently used to isolate mycobacillin-negative (My-) mutants.
For the isolation of auxotrophic as well as My-mutants, we used a complete medium containing (per litre) glucose, 10 g; peptone, 5 g and beef extract, 3 g (pH 7.0); and a minimal medium containing (per litre) (IrlH,)zSO,, 20 g. K,HPO,, 14 g ; KH,PO,, 6 g; sodium citrate. 1 g; MgSO,. 7Hz0, 0.2 g and glucose, 5 g (pH 7.0). For isolation of peptide intermediates by whole-cell fermentation, a synthetic medium was used containing (per litre) glucose, 10 g, glutamic acid, 5 g; KH2P0,, 1 g; MgS0,.7Hz0, 1 g; MnS0,.4H20, 0.01 g and FeS0,.7Hz0, 0.01 g (pH 7.2).
Isolation and characterization of auxotrophic mutants. The isolation was based on the method of Adelberg et al. (1965) . NTG (N-methyl-N'-nitro-N-nitrosoguanidine) (100 pg ml-I) was added to a shaken culture of the organism at mid-exponential phase. The treated culture was incubated for 30 min in Tris/maleate buffer (0.05 M) at pH 6.0 and then transferred to complete medium for 24 h at 32 "C. Potential auxotrophs were detected by replica plating on minimal medium and characterized by the methods of Lederberg (1950) and Holliday (1956) .
Isolation of mycobacillin-negative ( M y -) mutants. Two methods were used.
(1) One mutant arbitrarily selected from among the auxotrophs and designated A-1' was treated with NTG as described above and then plated on complete medium. The plates containing the established colonies were then flooded with agar seeded with the mycobacillin-sensitive fungus Aspergillus niger G, Br to detect non-producer strains according to the method of Banerjee & Bose (1964) . Two thousand colonies were screened and Mymutants thus identified were then transferred to nutrient broth containing 250 pg mycobacillin ml-' and incubated for 24 h at 30 "C. The blocked mutants, now free from A . niger G3Br, were maintained on nutrient agar slopes.
(2) This method was based on one developed by Raetz (1975) for isolating mutants blocked in membrane lipid synthesis, and further modified by Mukherjee & Paulus (1977) for the isolation of gramicidin-negative mutants. The auxotrophic mutant A-1' was treated with NTG as before and then plated on complete medium. After incubation for 24 h, plates containing 50-80 colonies were imprinted upon sterile disks of Whatman no. 42 filter paper. The paper so imprinted was soaked with mycobacillin amino acid mixture, containing 2 mM each of L-proline, DLaspartic acid, L-tyrosine, L-serine, L-leucine, L-glutamic acid, 0.1 5 pCi ~-[3-~"C]alanine (sp. act. 60 Ci mol-' ; 2.2 TBq mol-I) and chloramphenicol (100 pg ml-l) and incubated at 27 "C for 2 h. Then autoradiography was done using Indu-medical X-ray film and the colonies that were stained by Coomassie blue but produced no exposure of the film were isolated from the original master plate. One thousand colonies were screened by this technique.
Sporufating ability of the My-mutants. This was determined by estimating at different time intervals i he number of spores per ml of culture, using a double Neubauer chamber under a phase-contrast microscope at 400 x magnification.
Confirmation of the My-character of the isolated mutants. This was done by a cross-streak method against the sensitive organism A . niger G3Br and also by silica gel thin-layer chromatography. For thin-layer chromatographic analysis, mutants were inoculated into 100 ml synthetic medium and incubated for 6 d at 27 "C without shaking for optimum synthesis (Majumder & Bose, 1960b) . The culture fluid was extracted three times with chloroform/lbutanol(1 : 4, vlv). The extract was evaporated under reduced pressure and the residue dissolved in a minimal volume of ethanol and then processed further by the method of Majumder & Bose (1960~). The residue was finally characterized by silica gel thin-layer chromatography using I-propanol/ammonia (2 : 1, v/v) as the developing solvent (Goswami & Bose, 1982) .
The My-character was finally confirmed by screening for cell-free synthesis by the method of Sengupta & Bose (1971) as modified by Mukhopadhyay et al. (1984) . Cells (2.5 g wet wt) of wild-type and My-strains, collected from 1 litre of nutrient broth after 15-16 h incubation at 30 "C, were suspended in 4 vols 50 mM-Tris/HCl buffer at pH 7.4 containing 2 mM-EDTA, 10 mM-DTT, 10 mM-MgC1, and 1 mM-PMSF (phenylmethylsulphon,yl fluoride) in a glass tube. The tube was immersed in an ice-salt bath and the suspension sonicated for two 30 s periods at 100 W and 20 kHz in an MSE ultrasonicator. The suspension was cooled for 3 min between bursts to maintain a temperature below 5 "C. The sonicate was centrifuged at 20000 g for 30 min at 0-2 "C and the supernatant used as enzyme source. The protein concentration of the supernatant was measured by the Lowry method with bovine serum albumin as the standard. The incubation mixture contained the following in a total volume of 2 ml: 5 pCi U-'T-labelled Chlorellaprotein hydrolysate (42 mCi per mg atom C), 5 p~-A T P , 5 pM-phosphoenolpyruvate, 20 pg pyruvate kinase, 10 pM-MgC12, lOO-pM-Tris/HCI buffer (pH 7.4), 100 pg chloramphenicol, 8 mg enzyme protein, 4 pM-D-aspartic acid, 1 pM-L-aspartic acid, 2 pM-D-glutamic acid, 1 pM-L-glutamic acid, 2 pM-tyfOSine and 1 p~ each of L-leucine, L-alanine, L-proline and L-serine. The mixture was incubated at 30 1 "C for 120 min and the reaction terminated by the addition of 3 vols 1-butanol. Unlabelled mycobacillin (2 mg) was added as carrier and mycobacillin was isolatzd from the butanol extract as described by Majumder & Bose (1960~) . The radioactive count was taken of the total final ethanolic solution of the antibiotic after its recovery from the butanol extract without allowing it to crystallize.
Isolation ofpeptides-from My-mutants. The My-mutants were incubated without shaking for 6 d at 27 "C. The culture fluid was extracted three times with chloroform/l-butanol (1 :4, v/v>, the solvent layer dried under reduced pressure and the residue dissolved in a minimal volume of ethanol containing 10% (v/v) 10 M-HCl. After centrifugation the dissolved residue was then chromatographed in two dimensions in solvent systems (i) phenoliwater ( 3 : 1, w/w) and (ii) 1-butanol/acetic acid/water (4 : 1 : 1, by vol.) and sprayed with a solution of 0.2% ninhydrin in 1-butanol. Ninhydrin-positive spots, other than those representing residual amino acids added initially to the fermentation medium, were eluted from an unsprayed chromatogram and rechromatographed in the same two solvent systems and also in 70?,/, (v/v) ethanol, to test their homogeneity. Each of the spots obtained in the chromatogram was then eluted with 70"/, (v/v) ethanol.
IdentiJication and determination of' the molar proportion of the constituent amino acids. The ninhydrin-positive spots, other than those for aspartic acid (auxotrophic marker of A-1') and glutamic acid used in the fermentation medium were eluted from an unsprayed chromatogram and hydrolysed with 10 M-HCl in a sealed tube at 105 "C for 18 h. The hydrolysate was dried in uacuo and the acid removed completely. The residue was then dissolved in 10% (v/v) 2-propanol and chromatographed in two dimensions in solvent systems (i) and (ii) as above. The amino acids appearing in the chromatogram were identified and their molar proportions were determined by a ninhydrin method (Giri et al., 1952) .
Determination of the Cand N-terminal amino acid of the peptides. The C-terminal amino acid of each peptide isolated from the chromatogram was determined by the method of Akabori et a f . (1956) . Each peptide was incubated at 60 "C for 2 h with two drops of anhydrous hydrazine in a sealed tube. The tubes were opened and excess hydrazine was removed in a vacuum desiccator over H2S0,. The dried mass was then dissolved in water and shaken overnight with the carboxylic resin Amberlite IRC-50 (H+ form). After removai of the residue the supernatant (2 ml) was shaken with benzaldehyde (0.2 ml) and pyridine (0.1 ml) overnight in a stoppered cylinder. The aqueous layer was then dried and chromatographed in two dimensions in solvent systems (i) and (ii) described above. Amino acids were identified by comparison with authentic samples.
The N-terminal amino acid of each of the peptides was determined by the fluorodinitrobenzene method (Sanger, 1945) . Each peptide was dissolved in 1 mlO.1 M-NaHCO, and 0.1 mi fluorodinitrobenzene was added. The DNP-peptide was hydrolysed with 5-7 M-HCI for 3 h at 110 "C and extracted with ether. The ether layer was dried and the residue subjected to two-dimensional paper chromatography in the dark in the solvent systems chloroform/benzyl alcoho1,iacetic acid (70 : 30 : 3, by vol.) and benzeneipyridinelacetic acid (40 : 1 : 1, by vol.). Each DNP-amino acid was identified by comparison with an authentic sample.
Determination ofmolecular weight. This was done by the method of Carnegie (1965) . Columns of Sephadex G-25 (fine beads, 10 g, 1.1 cm diameter) were used with phenoliacetic acid/water ( 1 : 1 : 1, wjviv) as solvent. A series of peptides of known molecular weight were used for calibration. Their migration rates, relative to that of cytochrome c were as follows: Attempt to isolate intermediate-peptides,from ce1l:free sjwthesis by wild-tjpe and mutant strains. Cell-free extracts of the strains were prepared and treated with (NH,),SO,. The precipitate collected between 30% and 55% saturation (Ghosh et al., 1983) was dissolved in buffer (50 mM-Tris/HCl pH 7.2, containing 0.25 mM-EDTA, 10 mM-MgCl, and 1 mM-DTT) and dialysed for 10 h against 2 litres of the same buffer, and used as a source of the enzyme. The incubation mixture (2 ml) used for the synthesis of peptides contained 5 mg enzyme, 100 pmol Tris/HCl buffer pH 7.2. 10 pmol ATP, 5 pmol DTT and mixtures of a full complement of both mycobacillin and non-mycobacillin amino acids (10 pmol each) as present in the peptides isolated from My-mutants. The mixture was incubated for 30 min and the reaction was terminated with 4 vols chloroform/l-butanol (1 :4, v/v). Each set of 50 tubes was extracted three times with chloroform/ 1-butanol and centrifuged. The solvent layer was then removed under reduced pressure and the residue chromatographed as described previously.
Mj*cobaciNin synthesis b?. mistures o f t h e three fractions of wild-ripe and mutant mycobacillin sjxthetase. The en-
S . M A J U M D E R A N D O T H E R S
zyme systems from wild-type and mutant cells were processed according to the method of Ghosh et al.
( 1 983) to give three fractions, A, B and C. The combined fractions from wild-type bacteria synthesized mycobacillin from its constituent amino acids. Fractions A, B and C of mycobacillin synthetase from wild type and mutant bacteria were then mixed in various combinations for measurement of mycobacillin synthesis by the radioactive tracer technique described above.
Determination of the amino acid sequence of the peptide that accumulated in fermentation broths and in the cell-free system. This was done by the method of Edman (1960) . The peptide sample (1 mg) was dissolved in 4 ml 50% (w/v) aqueous dioxan, and the solution was brought to pH 8.7-9.0 with 0.01 M-NaOH and stirred for 1.5 h at 40 "C with 0.1 ml phenylisothiocyanate, keeping the pH constant. The reaction mixture was then extracted six or seven times with benzene and the aqueous solution concentrated in uacuo over NaOH. After cleavage with 30 pl trifluoroacetic acid for 20 min at 40 "C, the residual peptide was precipitated with 0.7 ml ethylene chloride and washed with 0.7 ml ethylene chloride. The precipitate was dried overnight in uacuo over P , 0 5 and used for the next degradation cycle. The intermediate thiazolinone in the ethylene chloride phase was dried and converted to the corresponding thiohydantoin by treatment with 0.4 ml 1 M -H C~ at 80 "C for 10 min by the method of Edman & Begg (1967) . The thiohydantoin derivative was extracted three or four times with 0.4-0.8 ml ethyl acetate. The extract was then dried and dissolved in an appropriate amount of ethyl acetate. It was then chromatographed and spots on the chromatograms were located by UV illumination (Edman & Sjoquist, 1956 ) and by the iodine azide reaction (Sjoquist, 1953) . The yields of amino acid phenylthiohydantoins were determined on the basis of their absorbance at 269 nm in the organic and water phase before chromatography.
R E S U L T S
Eflect of auxotrophic mutations on mycobacillin production. Five auxotrophic mutant derivatives of wild-type Bacillus subtilis B3 were obtained. Mutants A-1' and A-3 required aspartic acid, A-4 and A-5 proline and A-1 arginine. All these mutants retained their My+ (mycobacillin-producing) and Spo+ (sporogenous) character ( Table 1) .
Characterization of My-strains. Two thousand colonies were screened by metho'd (1) (see Methods) and 12 My-mutants were isolated (strains N-2'01 to N-10 listed in Table 1 ). Only one My-mutant (N-1 1 1 1) was isolated after screening 1000 colonies by method (2). Of the 13 Mymutants, three were feeble mycobacillin producers and the remaining ten were non-producers as tested by thin-layer chromatography. The My-character of these ten mutants was finally confirmed by testing their inability to produce 4C-labelled mycobacillin in the cell-free system. There was negligible incorporation of radioactivity into mycobacillin by these ten mutants as compared with that by the wild-type (Table 1) .
All the 13 My-mutants were Spo+. Four of them (N-20, N-14, N-4 and N-6) were originally Spo-but they spontaneously reverted to Spo+, while still retaining their My-character. The degree of sporulation of these My-mutants was similar to that of the wild-type Bacillus subtilis B3 (Table 1) .
Amino acid composition, C-and N-terminal amino acid residue and molecular weight of peptides accumulating in the blocked mutants. Culture supernatants from the wild-type mycobacillin producer strain Bacillus subtilis B3, three feeble antibiotic producer mutants (N-3'05, N -2'01 and N-3'01) and also three strictly My-mutants (N-54, N-20 and N-6) contained no ninhydrin-positive material other than aspartic acid and glutamic acid as used initially in the ferrnentation broth. Culture supernatants from the remaining seven strictly My-mutants (N-10, N-9, N-14, N-7, N-1 1 1 1, N-16 and N-4) contained additional ninhydrin-positive materials. Four of them, N-10, N-4, N-14 and N-16, produced only a single peptide, designated MI, MII, MI11 amd MIV , respectively, whereas the remaining three produced two peptides each: MV and MVI by N-7, MVII and MVIII by N-1 11 1, and MIX and MX by N-9 (Table 2) . Peptides MI, MIV, N,[VIII and MX appeared to be identical as indicated by their RF values and amino acid composition. In the same way peptides MII, MI11 and MV appeared to be identical as did peptides MVI, IvIVII and MIX. Hence, the mutants produced only three chemically different peptides; two contained proline whereas the other one (MVI/MVII/MIX) did not. Of the two proline-containing peptides, the first one (MI/MIV/MVIII/MX) contained four mycobacillin amino acids whose molar proportions were the same as that of the equivalent segment of the mycobacillin molecule (see Fig.  1 ). The second peptide (MII/MIII/MV) contained eight amino acids of which five were On: Thu, 20 Dec 2018 21:43:14
Peptide accumulation by mycobacillin-negative mutants 
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A-5 N-2'01 N-3'01 N-3'05 N-20 N-14 N -4 N -6 N-54 N-9 N-16 N-7 N-10 N-1111 t Antibiotic was assayed by the cup-plate method. ND, Not detectable (detection limit 40 pg ml-I).
$ Spore counts (determined at 48 h) are expressed as a percentage of the viable count at the end of exponential growth. mycobacillin amino acids and three (glycine, valine and methionine) were not. The third nonproline peptide (MVI/MVII/MIX) contained five amino acids of which four were present in mycobacillin and one (cysteine) was not.
The two proline-containing peptides contained proline as the N-terminal and aspartic acid as the C-terminal residue and the third peptide contained aspartic acid as the N-terminal and cysteine as the C-terminal residue ( Table 2) .
The molecular weights of peptides MI, MIV, MVIII and MX, elaborated by mutants N-10, N-16, N-1 1 1 1, N-9, respectively, were found to be 640 by gel-filtration on Sephadex G-25 on the basis of migration rates relative to cytochrome c of a series of calibration peptides (see Methods).
Amino acid sequence of the mycobacillin amino acid-containing peptide accumulating in the blocked mutants. The C-terminal amino acid of peptide MI/MIV/MVIII/MX was aspartic acid ( Table  2 ). The three consecutive amino acids from the N-terminus were PrwAsp+Glu. From the molar proportions of the constituent amino acids and the molecular weight of the peptide, the fourth amino acid from the N-terminus was tyrosine. Hence the sequence of amino acids in peptide MI/MIV/MVIII/MX was PrwAsp+Glu-+Tyr+Asp.
Isolation of peptides from the cell-free synthesizing system obtained from wild-type and blocked mutants. The cell-free synthesis of mycobacillin and related incomplete peptides was studied by using enzyme systems from the wild-type and blocked mutant strains. The full complement of amino acids present in mycobacillin and also in the three other peptides isolated from Mymutants was present in the reaction mixture. The seven strictly My-mutants (N-14, N-4, N-9, N-16, N-7, N-10 and N-1111) synthesized only one peptide, which was the same as MI/MIV/MVIII/MX ( Table 2 ). The feeble antibiotic producers (N-2'01, N-3'01 and N-3'05) and wild-type Bacillus subtilis B3 produced mycobacillin only. We also studied the other three strict . Although they did not accumulate any peptide in the Table 3 . Cell-free synthesis of mycobacillin by diferent combinations of the fractionated enzyme complex of wild-type and My-strains A, B and C are three fractions of mycobacillin synthetase (Ghosh et al., 1983) . M, Mutant (specified in column 1); W, wild type. The control value for AW + BW + C W was 3689 c.p.m.
Radioactivity incorporated into mycobacillin (c.p.m.) N-10 N-16 N-1111 N -9 N-20 N-6 N-54 N- culture supernatant, they synthesized the same peptide in the cell-free system as did the other seven My-mutants. The peptide synthesized in the cell-free system contained four amino acids in the same molar proportion, and sequence, as found in the pentapeptide (MI/MIV/MVIII/MX) that accumulated in the culture broth of the mutant strains N-10, N-16, N-1 11 1 and N-9 (Table 2) .
Mutant
In vitro synthesis of mycobacillin by reconstituted cell extracts. In a series of reconstitution experiments, cell-free extracts from wild-type and mutant bacteria were separated into fractions A, B and C as described by Ghosh et al. (1983) . When these fractions from wild-type bacteria are combined, mycobacillin is synthesized from its constituent amino acids (Ghosh etal., 1983) . The results of these experiments in which mutant and wild-type fractions were mixed in various combinations (Table 3) indicated that the seven mutants N-10, N-16, N-1 1 1 1, N-9, N-20, N-6 and N-54 have a defect in enzyme fraction B and the other three N-4, N-14 and N-7 have a defect in both fractions B and C.
DISCUSSION
In the study of the biosynthesis of mycobacillin we have isolated thirteen My-mutants from an auxotrophically tagged mycobacillin producer strain of B . subtilis B3. These mutants were all Spo+ with the exception of four isolates which were originally Spo-but subsequently reverted spontaneously to Spo+. The degree of sporulation of all of these strains was similar to that of the wild-type. In a study on biosynthesis using genetically blocked strains it is essential to use structural gene mutants rather than pleiotropic regulatory ones. Studies of peptide accumulation were therefore undertaken with these mutants; these led to the isolation of three chemically different peptides whose amino acid composition and N-terminal and C-terminal residues were determined. Since our earlier studies had indicated that proline was the initiating amino acid for mycobacillin biosynthesis (Sengupta & Bose, 1974) , peptides lacking N-terminal proline and also those containing non-mycobacillin amino acids were considered unlikely to be intermediates in mycobacillin biosynthesis. There was only one pentapeptide (as determined by molecular weight) which contained not only four mycobacillin amino acids but also proline at the N-terminus and aspartic acid as the C-terminal amino acid. The formation of such a peptide could be visualized if mycobacillin synthesis started with proline and was blocked between aspartate and tyrosine (see Fig. l ), in which case the product should be a pentapeptide with a sequence equivalent to that of the corresponding region of the mycobacillin molecule. The amino acid sequence of this peptide entirely agreed with the prediction. Sengupta & Bose (1972) reported that the enzyme system obtained from a wild-type producer strain gave rise to a hexapeptide when incubated in a cell-free system in the presence of the four amino acids that constitute the present pentapeptide. The limitation imposed in the earlier work was not in the enzyme system but in the availability of amino acids, whereas in the present case the limitation was in the enzyme system and not in the availability of amino acids, which resulted in the formation of a pentapeptide due to a genetic lesion as indicated in Fig. 1 .
That the pentapeptide is an intermediate in the biosynthesis of mycobacillin was further confirmed by studies on cell-free synthesis using the blocked mutants. Extracts from the blocked mutants produced only one peptide in the cell-free system instead of the three peptides of different chain lengths that were observed in the case of whole-cell fermentation by the blocked mutants. The amino acid composition, molecular weight and sequence of this peptide showed it to be identical to the pentapeptide referred to above. The lack of peptide products other than the pentapeptide might be due to the use of a somewhat purified enzyme system from the blocked mutants. Thus the pentapeptide Pro+Asp+Glu+Tyr+Asp which accumulated both in the whole-cell culture supernatant and during in vitro synthesis with the blocked mutants might be considered an intermediate in the biosynthesis of mycobacillin. Ghosh et al. (1983) successfully fractionated cell extracts to produce three fractions (A, B and C ) , all of which were necessary for the in vitro synthesis of mycobacillin from its constituent amino acids. To determine which of these fractions is defective in the My-mutants, fractions from wild-type and mutant strains were mixed in various combinations. Mutants N-10 and N-16, which produced only the above pentapeptide both in culture broth and in the cell-free system, have a defect in the enzyme fraction B. Mutants N-1 1 1 1 and N-9, which produced the same pentapeptide and another peptide in the culture broth but only the pentapeptide in the cell-free system, also have a defect in the enzyme fraction B. Mutants N-20, N-6 and N-54, which did not produce any peptide in the culture broth but did produce the same pentapeptide as mentioned above in the cell-free system, also have a defect in the enzyme fraction B. Mutants N-4 and N-14 produced one peptide in the culture broth but produced the same pentapeptide in the cell-free system, and have defects in both enzyme fractions B and C. The remaining mutant, I\J-7, which produced two peptides in the culture supernatant but produced the same pentapeptide in the cell-free system, also has a defect in both enzyme fractions B and C. All these mycobacillinnegative strains are therefore structural gene mutants.
The importance of the pentapeptide Pro+Asp+Glu+Tyr+Asp in the biosynthesis of mycobacillin is thus indicated.
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